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Objectives: To establish an in vivo, normative patellofemoral (PF) cartilage contact mechanics database
acquired during voluntary muscle control using a novel, dynamic, magnetic resonance (MR) imaging-
based, computational methodology and validate the contact mechanics sensitivity to the known sub-
millimeter methodological accuracies.
Design: Dynamic cine phase-contrast and multi-plane cine (MPC) images were acquired while female
subjects (n ¼ 20, sample of convenience) performed an open kinetic chain (knee ﬂexion-extension)
exercise inside a 3-T MR scanner. Static cartilage models were created from high resolution three-
dimensional static MR data and accurately placed in their dynamic pose at each time frame based on
the cine-PC (CPC) data. Cartilage contact parameters were calculated based on the surface overlap.
Statistical analysis was performed using paired t-test and a one-sample repeated measures ANOVA. The
sensitivity of the contact parameters to the known errors in the PF kinematics was determined.
Results: Peak mean PF contact area was 228.7  173.6 mm2 at 40 knee angle. During extension, contact
centroid and peak strain locations tracked medially on the femoral and patellar cartilage and were not
signiﬁcantly different from each other. At 25, 30, 35, and 40 of knee extension, contact area was
signiﬁcantly different. Contact area and centroid locations were insensitive to rotational and translational
perturbations.
Conclusion: This study is a ﬁrst step towards unfolding the biomechanical pathways to anterior PF pain
and osteoarthritis (OA) using dynamic, in vivo, and accurate methodologies. The database provides
crucial data for future studies and for validation of, or as an input to, computational models.
Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.Introduction
Patellofemoral (PF) osteoarthritis (OA) and its potential pre-
cursor, chronic idiopathic patellofemoral pain (PF pain), are com-
mon, costly, and debilitating conditions1. Previous literature has
suggested that changes in intrinsic (e.g., muscles forces) or extrinsic
(e.g., high impact loads) factors can create force imbalances at the
joint level that alter cartilage contact mechanics, leading to PF pain
and ultimately triggering cartilage degeneration2,3. For example,
high impact loading involving micro tears has long been regarded
as a precursor to progressive chondropenia and ultimately to OA4,5.
In addition, repetitive mechanical loading of injured cartilage has
been shown to result in degeneration6. Although the cartilage
response to mechanical loading is well documented at the tissue: F.T. Sheehan, National In-
er Drive MSC 1604, Bethesda,
01-451-7536.
c.nih.gov (F.T. Sheehan).
r Ltd on behalf of Osteoarthritis Reand cellular levels in animal models2,7e10, it remains untested
in vivo. Thus, despite a long history and variety of studies focusing
on PF contact11e19, to date the biomechanical pathway to PF OA
remains elusive20.
Our inability to deﬁne the precise in vivo mechanical patho-
genesis of OA is partially due to the lack of in vivo, dynamic cartilage
contact mechanics data. Previous studies14,16,18,21,22, using a variety
of methodological approaches (e.g., in vivo, cadaver-based, and
computational modeling), have provided insights into PF contact
mechanics. Yet, their methodological limitations and insufﬁcient
validation has restricted our ability to establish direct links be-
tween pathological joint kinematics, altered contact mechanics,
and the onset of cartilage degeneration. The clinical utility of most
previous in vivo PF contact mechanics studies is limited by the
exclusion of functional movements and dynamic neuromuscular
control patterns during which the PF pain is typically induced23.
Suzuki and associates21 did evaluate PF contact location during stair
ascent in healthy volunteers. As this study did not quantify PF
contact area and did not provide validation of the methods used, itsearch Society International.
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these results clinically. Finite element and multi-body modeling
methods16,24e26 tend to focus on evaluating PF contact stresses.
Large inter-study variations have been reported, which are likely
due to the different modeling methods and assumptions used
across studies25. More importantly, these models are rarely vali-
dated and even the accuracy of input parameters is often un-
known27. Thus, the quality of the output variables is uncertain. In
order to advance our understanding of the biomechanical pathway
to PF OA, in vivo studies evaluating PF cartilage contact during a
variety of dynamic functional tasks are needed. Furthermore, for
these data to be clinically relevant and for clearer cross-study
comparisons, the accuracy, validity, and/or reliability must be
evaluated and reported.
The ultimate goal of this project is to quantify how alterations in
joint kinematics and contact mechanics are correlated with OA and
its progression. To achieve this goal, the current study had two
primary objectives (1) to provide an in vivo normative database for
dynamic PF cartilage contact mechanics acquired non-invasively in
female subjects during a functional movement, and (2) to quantify
the sensitivity of these parameters to the known sub-millimeter
kinematic inaccuracies of the study methodology28. As the sensi-
tivity may be subject-speciﬁc, this analysis was done over a large
portion of the study cohort. Contact mechanics were broadly
deﬁned to encompass contact area and its centroid location, along
with the peak strain location. The activity evaluated was open ki-
netic chain knee extension, as this has been shown to result in a
mid-level of PF pain, similar to stair ascent/decent and jumping23.
In order to compare the current data to previous in vivo studies, two
questions were addressed using the normative database: (1) Are
contact centroid and peak strain locations different? and (2) Do the
contact mechanics change during knee extension?
Materials and methods
Twenty healthy female volunteers (26.8  8.1 years,
162.310.8 cm, 57.3 7.7 kg) with no prior history of PF pain or OA
participated in this IRB approved study. The subject pool was a
sample of convenience, recruited from the local area. A single leg,
selected at random, was examined for each subject. All the volun-
teers provided written informed consent prior to entering the
study. Subjects with contraindications to magnetic resonance (MR)
imaging or who had a history of lower body injury/trauma or knee
joint pathology/pain were excluded.
MR data acquisition
All static and dynamic images were acquired using a 3 Tesla MR
scanner (Achieva, Philips Medical Systems, Best, NL). For dynamic
imaging, subjects laid supine with their knee and hip supported in
slight ﬂexion. Flexible transmit-receive coils were securely placed
medial, lateral, and anterior to the knee. Dynamic cine-PC (CPC) MR
images (FOV ¼ 200  200 mm, pixel_size ¼ 0.78  0.78  8 mm,
TR ¼ 5.04 msec, temporal resolution ¼ 60.5 msec, 2NEX) were ac-
quired while subjects performed a cyclic (30 cycles/min) open ki-
netic chain ﬂexion-extension exercise to the beat of an auditory
metronome29. In addition, multi-plane cine (MPC) data
(FOV ¼ 200 mm  200 mm, pixel size ¼ 0.78  0.78  8 mm,
TR ¼ 3.2 msec, temporal resolution ¼ 80.5 msec, 2NEX) were ac-
quired during this exercise28. CPC imaging captured dynamic
anatomical data in a single sagittal plane along with the corre-
sponding three-dimensional (3D) pixel velocity, whereas MPC im-
aging captured purely anatomical images (ﬁve to seven sagittal
planes) at each time frame. All dynamic datawere represented using
24 time frames. Subsequently, the wedge was removed and thelower limbwasplaced in the anatomically neutral position. Then3D,
high resolution, static, fat-sat, gradient recalled echo (FS-GRE),
sagittal plane MR images (ﬁeld of view ¼ 140 mm  140 mm,
512  512 pixels: interpolated in Fourier space from
216  240 pixels, resolution ¼ 0.27 mm  0.27  1 mm,
TR ¼ 10.6 msec, TE ¼ 5.1 msec) were acquired using an eight-
channel knee coil.
In addition to the FS-GRE, a 3D GRE and a 3D proton density
image set were acquired. These three static acquisitions were read
by a radiologist in order to rule out the presence of any knee pa-
thology (e.g., cartilage defects, torn ligaments, meniscal damage,
trochlear dysplasia, tendinitis, patella alta/baja, etc).
MR data processing
The contact mechanics were calculated by creating rigid models
of the patellar and femoral bone and cartilage surfaces, deﬁning the
transformation from the static to full extension dynamic pose, and
then applying the PF kinematics (derived from the CPC data) to the
cartilage surfaces (Fig. 1). To begin, the PF cortical surfaces were
manually segmented from the FS-GRE images in MIPAV (NIH,
Bethesda, MD). This generated a cloud of points representing the
exterior cortical surface. These points were ﬁtted with triangles in
order to create a surface model, which was smoothed with a de-
viation limit of 0.2 mm (Geomagic Inc, Research Triangle Park, NC).
Similarly, sparse patellar and femoral point clouds were created by
segmenting the dynamic MPC data at the full extension time frame
(Fig. 1). Next, by registering the sparse dynamic model to the high
resolution static model, it was possible to position the static model
in its correct position and orientation for the full extension time
frame. This registration process28, using an iterative closest point
algorithm (Geomagic Inc), created a transformation matrix that
deﬁned the optimal translation and rotation of the dynamic model
that minimized the distance between the bone’s dynamic point
cloud and its static 3D surface.
Cartilage surface models
Point clouds representing the patellar and femoral cartilage
surfaces were created similarly to the bone models (Fig. 2). Even
with relaxed musculature and a fully extended knee, minimal
contact occurs between the cartilage surfaces30. Thus, the cartilage
surfaces in the region of contact were manually approximated by
maintaining the nominal curvature of the cartilage that was not in
contact. The next step required converting the point cloud
description of the surface into a mathematical expression so that
the contact mechanics could be quantiﬁed. This was accomplished
using a thin-plate spine (TPS) surface31,32 in MATLAB (Mathworks
Inc, Natick, MA). Surface ﬁtting errors were set to the static image
pixel resolution. The TPS surfaces were then re-sampled with a
rectangular grid of points (0.15e0.19 mm apart) and trimmed to ﬁt
the cartilage morphology (Fig. 2).
Normative cartilage contact mechanics
The 3D PF kinematics33 were derived by integrating the CPC
data (accuracy ¼ 0.33 mm29). All kinematics were deﬁned relative
to an anatomical coordinate system ﬁxed in each bone34,35, such
that medial, superior, and anterior deﬁned the positive x-, y-, and z-
directions. The position and orientation of the cartilage surfaces
throughout extensionwere quantiﬁed by ﬁrst moving them to their
correct position in the full extension time frame using the previ-
ously calculated transformation matrix. Then the CPC kinematic
data were used to calculate the cartilage surface pose in all time
frames (accuracy of <0.78 mm and <1.7328).
Fig. 1. Dynamic data were acquired while subjects performed open kinetic chain exercise inside the MR scanner. CPC data were used to generate PF joint kinematics, whereas
MPC data were used to generate sparse dynamic models for the same movement. Static bone models were generated using high resolution static scans. By registering the sparse
dynamic models from the MPC data to the high resolution static bone models, the static bone models could be accurately positioned in their dynamic full extension pose (Full Ext)
(location and orientation). The transformation matrix generated by the registration was used to position the high resolution cartilage models (represented with TPS) in the dynamic
Full Ext time frame. These cartilage models were then placed into the correct pose for each time frame based on the CPC joint kinematics. Cartilage overlap was used to calculate
contact mechanics parameters.
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and patellar cartilage surfaces. To calculate femoral contact me-
chanics, the patellar kinematics were deﬁned relative to the femur.
Thus, mathematically, the femur was the “stationary” and the pa-
tella was the “moving” body. For patellar contact mechanics, the
opposite applied. The distance from each grid point on the sta-
tionary surface to the moving surface (Fig. 2) was deﬁned by
determining the intersection of the stationary grid point‘s surface
normal with the moving surface31.This distance was termed as an
overlap if it was below a subject-speciﬁc threshold value
(0.59 mm  0.52 mm). The threshold value was constant for each
subject and was determined based on previous research demon-
strating that the PF contact area never reaches zero. Speciﬁcally, if
with the initial threshold value of zero a subject demonstrated zeroFig. 2. Calculating contact area: A. By segmenting the outer cartilage surface, each body was
was deﬁned by the location of each point. B. The ﬁrst step in determining the distance bet
femoral cartilage surface. This was accomplished using a mathematical TPS surface ﬁtted o
rectangular sheet (purple) and warping it until it ﬁts to the outer surface of the cartilage. On
generated by the TPS was re-sampled into a series of grid points (black dots) that were space
the distance between surfaces, the distance from the stationary grid point to the moving su
grid point deﬁned the direction of the distance vector between the stationary grid point acontact for any time frame, the threshold value was raised so that
the analytical solution produced at least minimal contact for all
time frames. The contact area for each surface was deﬁned as the
region of overlap (Fig. 1). The size of the contact areawas deﬁned as
the sum of all grid elements within the contact area. For rectangular
and triangular areas the Bretschneider’s and Heron’s formulas were
used, respectively36.
The contact area centroid was determined as the weighted
average of each grid patches’ location within the contact grid. The
weighting was based on the patch area. Peak strain location was
deﬁned as the single stationary surface contact grid point corre-
sponding to the maximum overlap value. To ensure that the peak
strain represented the region of maximal strain, the locations of the
ﬁrst ten peak overlap points were identiﬁed for each time frame. Itrepresented by a cloud of points. As these points were randomly distributed, the surface
ween this surface (femur) and the patella was to create a mathematical model of the
ver the point clouds. The process of ﬁtting a TPS can be visualized as taking a ﬂexible
ce trimmed, the surface is now deﬁned by a mathematical equation. C: The new surface
d in a rectangular grid, creating grid patches (blue ﬁlled space). D. In order to calculate
rface was quantiﬁed. The normal (perpendicular) vector to the stationary surface at the
nd the moving surface.
Table I
Normative contact mechanics data arranged from maximum ﬂexion/ full extension. Contact area values are reported in mm2 with 1SD. Contact centroid and peak strain
locations on both patella and femur are reported in millimeters (1SD) with medial, superior, and anterior directions as positive
Knee angle Contact area
(SD)
Centroid on femur Centroid on patella Peak strain on femur Peak strain on patella
Medial Superior Anterior Medial Superior Anterior Medial Superior Anterior Medial Superior Anterior
40 228.7 (173.6) 7.9 (6.1) 0.8 (3.2) 4.8 (2.4) 9.0 (7.0) 1.5 (3.0) 3.6 (1.5) 10.8 (9.5) 1.3 (3.6) 5.9 (2.4) 12.0 (11.0) 2.0 (3.1) 3.4 (2.0)
35 204.7 (187.8) 6.8 (6.6) 1.2 (3.5) 5.5 (2.5) 7.8 (7.1) 0.4 (2.8) 3.4 (1.5) 8.3 (9.9) 0.7 (4.0) 6.4 (2.7) 9.6 (10.8) 0.4 (3.5) 3.2 (2.3)
30 137.4 (163.5) 5.6 (6.9) 3.0 (3.5) 6.0 (2.3) 6.4 (7.4) 2.3 (2.9) 3.1 (1.9) 6.6 (9.7) 2.9 (4.0) 6.7 (2.5) 7.7 (10.3) 2.4 (3.4) 3.1 (2.5)
25 108.9 (130.1) 5.2 (8.1) 4.8 (3.5) 6.3 (2.3) 5.7 (8.2) 4.1 (3.1) 2.8 (2.0) 5.5 (10.5) 4.8 (4.2) 6.8 (2.5) 6.2 (11.0) 4.4 (3.4) 2.7 (2.8)
20 100.8 (108.7) 4.8 (7.5) 6.8 (3.3) 6.2 (2.0) 4.8 (7.0) 5.6 (2.8) 2.7 (1.8) 5.5 (10.1) 6.7 (3.8) 6.9 (2.2) 6.4 (10.5) 5.7 (3.5) 2.5 (2.5)
15 129.5 (94.3) 5.0 (7.5) 8.6 (3.4) 6.1 (1.9) 5.0 (6.2) 7.1 (2.7) 2.5 (1.6) 6.2 (9.6) 9.1 (3.6) 6.7 (2.3) 6.0 (9.3) 7.2 (3.2) 2.3 (2.3)
10 125.1 (92.8) 6.5 (5.8) 10.5 (3.1) 5.6 (2.3) 5.4 (5.0) 8.8 (2.6) 2.1 (1.3) 8.0 (8.6) 10.9 (3.4) 6.0 (2.5) 6.7 (8.6) 9.1 (2.7) 2.0 (1.8)
Fig. 3. PF contact area during extension. Signiﬁcant differences between knee angles
are indicated with an * (P  0.05).
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inclusive of the peak strain. This veriﬁcation conﬁrmed that using a
single point to represent the peak strain location was valid.
Statistical analysis
Since datawere collected in evenly spaced temporal increments,
each variable of interest was interpolated to single knee angle (1
to 55) increments for averaging and comparisons. All statistical
analyses were run for knee angles from 40 to 10 at 5 increments,
because variations in subject limb length prevented all subjects
from reaching the full range. To determine whether the contact
area changed during extension, paired t-tests were performed
(SPSS, ver21.0, IBM, Armonk, NY). Comparing the differences be-
tween the contact centroid and the point of maximal strain loca-
tions required evaluation of 18 total observations associated with
each individual (x, y and z values over six knee angles). Therefore, a
repeatedmeasures ANOVAwas employed over the six angles, using
dimension-wise difference. In the event of rejection of the null
hypothesis, appropriate post-hoc analysis was performed. Prior to
running the statistics, analyses were run to ensure that the as-
sumptions of normality, homogeneity, and sphericity were met.
Separate analyses were run for patellar and femoral surfaces. Sta-
tistical signiﬁcance was set at P  0.05.
Sensitivity analysis
A single parameter deterministic sensitivity analysis37 was
performed to quantify how potential inaccuracies in each kine-
matic parameter inﬂuenced the contact mechanics. For 11 subjects
(randomly selected from the study cohort) the patellar position
and orientation was computationally perturbed (changed) from its
original experimental values and then used to calculate the con-
tact mechanics. Based on the accuracy of the study methodol-
ogy28, the perturbation was 1 mm and 1, in each of the
coordinate system directions for four speciﬁc time frames (full
extension, mid-ﬂexion, full ﬂexion, and mid-extension). This
resulted in 48 perturbations over four time frames for each sub-
ject. The inﬂuence of each perturbation on contact area was
analyzed by calculating the ratio of the change in contact area
from its unperturbed position to the entire femoral cartilage area,
inclusive of both condyles. Centroid and peak strain location
sensitivities were analyzed by comparing the values of these lo-
cations pre- and post-perturbations. An error of less than 1 mm
resulting from any perturbation indicated that the process to
calculate these locations diminished the kinematic inaccuracies
and thus, was insensitive to the speciﬁc perturbation.
Results
The patella shifted 3.0 mm, 23.6 mm, and 1.7 mm (lateral, su-
perior, and anterior) and rotated 2.89, 18.36, and 0.6 (medial tilt,extension and varus rotation) relative to the femur as the knee
extended from 40 to 10. This was similar to the PF kinematics of
an independent control cohort34.
Peak PF contact area was 228.7  173.6 mm2 at a 40 knee angle
(Table I). During extension, signiﬁcant differences were found be-
tween 25, 30, 35 and 40 knee angles (Fig. 3). Centroid and peak
strain locations on the femoral and patellar cartilage tracked
medially during extension (Fig. 4) and were not signiﬁcantly
different from each other on either cartilage surface. For femoral
contact, both medial (n ¼ 6) and lateral (n ¼ 14) centroid tracking
patterns were observed. On the patellar cartilage three tracking
patterns emerged; the centroid location followed a central (n¼ 4), a
medial (n ¼ 6), or a lateral (n ¼ 10) path.
The ten peak strain points were contiguous, with the exception
of one time frame for ﬁve subjects. In these ﬁve (out of 480) time
frames, the 10 peak strain locations split between two different
locations. This occurred due to the anatomical shape of the PF joint.
Thus, the methodological approach of representing the peak strain
location using a single point was deemed appropriate.
Contact area was insensitive to perturbations in both rota-
tional, as well as translational degrees of freedom for all stages of
the movement cycle (Fig. 5). Contact area was most sensitive to
translational perturbations in the anterior-posterior direction
(w2% of femoral cartilage area). Similar to contact area, the
centroid location (Fig. 6) was insensitive to rotational perturba-
tions and was only sensitive to anterioreposterior perturbations
(<2 mm). Only peak strain medialelateral locations (Fig. 6) were
sensitive to kinematic perturbations. Full extension and
mid-extension positions were the least sensitive to
perturbations.
Fig. 4. Average values of contact centroid and peak strain locations on the femur and patella. Insets on each graph demonstrate the actual migration of contact centroid and peak
strain locations on femoral and patellar cartilage. Since the view of the patellar model is posterior to anterior for a right leg, right is lateral (L) on the model, but not on the graph. On
average, both contact centroid and peak strain locations stayed on the lateral side of the PF joint.
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PF pain and PF OA are considered to occur primarily from al-
terations in the dynamic state of the PF joint. Thus, by establishing a
validated, dynamic, in vivo PF cartilage contact database, acquired
during volitional activity in healthy female subjects, this study
provides crucial data for future studies of PF pain and OA. In
addition, these data can be used for validation of, or as input to,
future computational models. It is a clear advancement over pre-
vious studies that have little to no validation and have typically
been limited to static analyses, cadaver studies, animal-based
methodologies, or generic computational models14,18,21,38e40.
The average contact area (Fig. 7) agreed with past static in vivo
study results14,18,41, but tended towards smaller values. Unfortu-
nately, based on the variability across studies, it is difﬁcult to
extract a common baseline for comparison. Speciﬁcally, Besier andFig. 5. Mean contact area sensitivity reported as percent change with respect to
femoral cartilage area. Full Flex ¼ Full ﬂexion pose, Mid Flex ¼ Mid-ﬂexion pose, Mid
Ext ¼ Mid-extension pose. T1  1, T2  1, and T3  1: Perturbations in PF ﬂexion-
extension, medial-lateral tilt, and varus-valgus rotation. X  1, Y  1, and Z  1: Per-
turbations in PF medial-lateral, superior-inferior, and anterior-posterior displacement.
The ﬁrst data point in the graphical pair on the x-axis is the positive direction: ﬂexion,
medial tilt, varus rotation, and medial, superior, and anterior displacement. For
example, X1  1 indicates the sensitivity of contact area to medial perturbation and
then to lateral perturbation.colleagues41 reported that cartilage contact area increased with
increased isometric quadriceps load, but Salsich and colleagues18
reported no change with isometric quadriceps contractions.
Further, out of these three previous studies, it would be expected
that the female cohort (n ¼ 8) during the low-load trial41 would
have the lowest contact areas due to the fact that they had the
smallest reported average weight and height, along with the lowest
load on the patella, but this was not the case. The variability in
contact area across subjects was clearly much higher in the current
study, as compared to past static in vivo studies. Part of this vari-
ability is likely due to the larger variation in the subject height and
weight. For example, the difference in variability for height and
weight was 130% and 40% larger than in the Connolly et al. study14.
As no study to date has correlated contact mechanics to subject size
parameters, future studies should evaluate these relationships in
order to determine the most appropriate scaling/normalization
factors for contact mechanics. In addition, the current variability
may be attributable to the dynamic nature of the study. As PF
contact is a dynamic phenomenon constituting multiple factors,
the higher variability in the current study is likely an accurate
depiction of the true variations across subjects due to multiple
dynamic factors including PF kinematics, neuromuscular control
patterns, and soft-tissue constraints.
Contact area has previously been shown to change between
knee angles up to and through full extension14,18,41. Yet, currently
differences were only found in early extension. This discrepancy is
likely due to the fact that PF static and dynamic poses are task
speciﬁc phenomenon30,42,43. Speciﬁcally, this slight discrepancy in
results likely arises from variation in neuromuscular control be-
tween the static and dynamic tasks. The previously employed static
tasks were the same across knee angles (the knee was secured at
the desired angle and an isometric quadriceps force was exerted
with the leg stationary). Although quadriceps contraction repre-
sented a small percentage of either body weight or maximum
voluntary co-contraction, it could not represent the physiological
dynamic loading during a volitional task. Conversely, the current
task changed as the leg extended. In early extension, the lower leg
was accelerated from zero to maximum angular velocity against
gravity then decelerated to a complete stop at terminal extension
while still working against gravity. Thus, the neuromuscular control
catered to changing dynamic demands. In addition, during a free
Fig. 6. Comparing sensitivity of contact centroid (A, B, C) and peak strain (D, E, F) locations. Mean change in location with respect to unperturbed location is plotted in the medial (A,
D), superior (B, E), and anterior (C, F) directions. T1  1, T2  1, and T3  1: Perturbations in PF ﬂexion-extension, medial-lateral tilt, and varus-valgus rotation. X  1, Y  1, and
Z  1: Perturbations in PF medial-lateral, superior-inferior, and anterior-posterior displacement. The ﬁrst data point in the graphical pair on the x-axis is the positive direction:
ﬂexion, medial tilt, varus rotation, and medial, superior, and anterior displacement. For example, X1  1 indicates the sensitivity of locations to medial perturbation and then to
lateral perturbation.
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extends44. The quadriceps load in terminal extension pulls the
patella proximal of the trochlear groove, decreasing the congruency
with the femoral cartilage. This loss of congruency allowed the
dynamic ligament andmuscle forces to have a stronger inﬂuence45,
resulting in complex contact patterns.
The differences in contact centroid locations that have been
reported for static in vivo14 and dynamic functional activities21
clearly illustrate the inﬂuence of neuromuscular control, anatom-
ical shape parameters, and gravity on contact mechanics. The one
previous dynamic PF contact study found that as the knee extended
from 40 to 10 during stair ascent, the contact centroid tracked
13 mm superiorly and 8 mm inferiorly on the femoral and patellar
surfaces, respectively21. This was different than the migration seen
for the same knee angle range in the current study (11.2 mm su-
periorly and 10.2 mm inferiorly). The variances between these twodynamic tasks likely reﬂect the fact that during stair ascent the
quadriceps load begins high and diminishes to near zero at full
extension, whereas in free extension against gravity, the load in-
creases as the knee extends46. This same rationale would explain
the much larger lateral shift and medial tilt along with smaller
anterior shift in the current versus the previous study21. Lastly,
during static positioning with active quadriceps contraction14 the
patellar centroid migration was much reduced (6 mm inferiorly
over a 30 knee angle range), in comparison to the two dynamic
activities. Thus, incorporating dynamic activities in future studies
evaluating altered PF cartilage contact in patients with PF pain or
OA is important for quantifying the inﬂuences of numerous dy-
namic factors that may be associated with contact mechanics.
Peak strain location, as reported in the current study, is a rela-
tively new measure that has not been reported in previous studies.
The peak strain is an indicator of peak stress pattern and thus, could
Fig. 7. Contact area comparison between the current study and previous in vivo static
studies. In order to make a common baseline for comparison, only data pertaining to
healthy female volunteers were considered. Furthermore, only contact area data that
corresponded with active quadriceps contraction were considered. In cases where
quantitative data were not available, it was approximated from graphical data.
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Although no differences were found between contact centroid and
peak strain locations throughout the movement cycle, the results
may differ in pathology. Thus, future work is needed to evaluate if
such a difference can be found when pathology is present and if the
peak strain locations differ in pathology.
As there is no gold standard for evaluating cartilage contact
properties in vivo, the sensitivity analysis provided a strong vali-
dation that small inaccuracies in kinematic parameters did not
inﬂuence the contact mechanics calculations. This agreed with the
sensitivity analysis conducted by Li and colleagues39 on a wear
predicting deformable contact model. The insensitivity of the
contact mechanics to rotational inaccuracies (with the exception of
the peak strain medial-lateral location at mid-ﬂexion) clearly il-
lustrates that these errors do not affect the calculation of contact
mechanics. This is logical as the patella is quite small and even large
rotations (about the patellar center) result in small translations of
any point on the body. The locations of the contact centroid and
peak strain were insensitive to translational perturbations, as the
1 mm perturbations resulted in errors that were typically less than
25% of the perturbation. Again, the primary exception to this was
the sensitivities found during mid-ﬂexion. As both the centroid and
the peak strain locations were insensitive to all perturbations at
mid-extension, this time frame should be considered for future
studies focusing on PF joint function, impairment, and pathology.
Another interesting point is that the translational perturbations
primarily caused errors in the contact centroid location in the same
direction (e.g., inferior perturbations resulted in the contact
centroid being shifted inferiorly). Thus, it would be expected that
pathological changes in PF kinematics (e.g., excessive lateral shift or
patella alta) would be mirrored by similar changes in the centroid
location. Ultimately, the sensitivity analysis clearly demonstrated
that extending the single point tracking methodology to determine
cartilage mechanics is valid.
Caution must be used when applying this sensitivity analysis to
other methodological approaches as sensitivity is highly dependent
on the methodology used. For example, the accuracy of tracking PF
kinematics by matching bi-plane radiography with CT models is
excellent (0.35 mm47). Unfortunately, an MR model is required for
analyzing contact mechanics and replacing the CT model with an
MR model would greatly diminish the kinematic accuracy39. In
addition, since the current techniques for quantifying contact ki-
nematics are dependent on shape matching, this sensitivity anal-
ysis is speciﬁc to the PF joint and would need to be re-evaluated ifthe technique was to be applied to any other joint. Lastly, the
moderately higher sensitivity in peak strains for three out of the 11
subjects was determined to be due to the PF bone shape in these
subjects. Thus, future evaluation of the relationship between PF
bone shape and contact mechanics is warranted.
This study was delimited to a female cohort, as knee OA is most
prevalent in elderly women48 and similarly, PF pain is most prev-
alent in young females49. However, both conditions do affect the
male population, thus future studies focusing on males need to be
devised. Although the open kinetic chain movement used in this
study represents a task that induces PF pain to a similar level as
jumping and stair ascent/descent23, the closed bore environment of
the MR scanner limits the variety of dynamic tasks that can be
performed. Future improvements in MR technology will remove
this limitation. This study focused on minimizing the required
methodological assumptions by using direct deduction of experi-
mental data. In doing so it was limited to evaluating a partial set of
contact parameters. Assessment of parameters such as contact
stress and strain is important. However, determining these pa-
rameters requires complex computational modeling approaches
involving numerous assumptions (e.g., musculoskeletal tissue
properties) and our future goals include implementation of this
approach as well.
Conclusion
The biomechanical pathway to cartilage degeneration is still not
fully understood and the factors associated with OA have not been
fully evaluated in an in vivo setting. This database provides a
necessary foundation for exploring how PF pain, knee OA, PF ki-
nematics, and cartilage mechanics are interrelated. This is a ﬁrst
step towards unfolding the biomechanical pathways using dy-
namic, in vivo, and highly accurate analyses. Peak strains and peak
contact pressures are regarded as parameters of interest and will be
evaluated in future developments of this project. Neuromuscular
control plays an important role in loading and unloading the PF
joint as seen in the variation in contact mechanics between the
current and previous studies. Thus, future studies focusing on the
dynamic effect of active muscular contractions on contact me-
chanics are warranted.
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